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SIMULATICT OF UNDERWATET DIVERSITY SRRAY

in earlier reports [i,2] & three-dimensional wiideruwater arvay wvhich sirul-
taneously forms and coadines multiple beans in ~levration, was derceribed and
analyzced. - The objective of the systen s to approscl. 2 coaditicn in vhich the
multiple rav arrivals {rom a distant sourcce ~r2 scparately receivoed and cclicrontly
combined. Becpuse the analvtical forms giving the final output signal-te-noise
ratio (&) are too fnvolved fur dircet ccwputatieq)xianlntloJ ovperiments vere

carvicd cat. Results of thic work ave prosented dedal for L%V systen described

cenvining (MRC) of

- o

in {1, section 3, pp. 26~35p which is based on maxinai vatio

the nultiple rays formoed. At the same tinme certain othor casca wveve sirulared

[3] ¥red Pabor, "escarch in Dictributed Unlerweator Acovatric Arrays,' VIRC
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- in order to see what magnitude of improveaent is olbtained using this wethod over

simpler ones. Given below ave vesults for (1) & three-~dimensional array with
multiple beams (branches) using only coherent phasing of branches (known as
equal gain combining (EGC), (2) a three-dimensional array with multiple beams
using selection of the maximum amplitude branch (known as selection coabining
(sC)), (3) a three—dimensionai array with a single fixed focus bezm, and (4) a
two-dimensional array._ The last one represcnte the original coucept explored
earlier and reported im£3,4,5).

The simulation results con be briefly summarized as follows. For the con-
ditions chosen, an improvement of approximately 4 to 1 is obtained using the
maximal ratio combining technique with the three--diwensional arrazy over snything
else that was done. An interesting, though expected result, was that the var~
iance relative to the mean of the output SHR using this best technique was much
less than for the two~dimensional array. The computational model assumed ten
independent ray arrivals randonly spread over 110° in the vertical. 1In the two-
dimensional array those combine noncoherently yresulting in a nearly Rayleigh
fluctuation of amplitude. In the three-dimensional array the ten rays are to
a larga extent resoslved fu the separate branches., ‘The diversity selection or

coherent combining then results in a substantially smaller fluctuation.

We pow descrine the physical and statistical arvrangements assumed. Fig-
ure 2.1 sugpests the diplovment of elements in a three-dimensional space. Element
positicus (¥_,Y ,Z2 %, n= 1,2 ... N were assumed indcpendent random vectors, the
nunber of elerents N being 33 for this couaputation. The horizontal coordinates
(Xn’Yn) were assumed independent normally distributed randoma variables with zero
mean and standard deviation of 50 wavelengths., This value of stondard deviation

implies that at 100 Hz vherc the wavelength is about 15 meters, about 687 of the

array clements will be concentrated in a range of ¥ 750 meters around the center

of the array. Because the arvay main heam was focusced to look in the Y-Z plane

N,

only, the random variablos xn wvere not involved in the computation. The vertical

{3] Fred liaber and Willioam J. Graham, "Rescarch in Distributed Underwater Acoustic
Arrays," VIRC GUR Yoo 24, Februarvy 1974, np. 17-39.

[4) Fred Vober mad ©illiam J. Graban, "Research in Distributed Underwater Acoustic
Arrays," VFRC 100 Jo. 25, May 1978, pp. 1-11.

[51 Fred Naber and ®ittics T, Granes, "Recearch in Distributed Underwater Acoustic
Arrays," VFRC QU0 RGO 20, Augnst 1978, pp. 29- %4,
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FIGURE 2.1 PHYSICAL ARRANGEMENT ASOUMED IN SIMULATION.

coordinate Zn was assumed uniformly distributed with mean zero and range of
50 wavelengths, also. This implies a depth rause of * 375 meters around the
array center.

Ray arrivals were assumed to be in the Y-Z plane corresponding to the azi-
muthzl angle of fezus of the arravy, but the rays were asswaed disperued in
le. Ten ravs were assuncd arriving, all of equal magnitude and
independent randon elsctrical phases s T 1,2 ... 10, each uniformly dis-

i

21). The arrival anzles 2 ncasured fromn the vertical were

il

assumed independent and uniformly distributed over {80°, 106°), or T 10° rela-
tive to the horizoatal.

Ten sets of random pairs of nunbers (yn,z“) n=1,2 ... 3) to represent
ten possible randon element positicns were chosen. For cach of these positions,
five sets of angle pairs (Qm,am), m = 1,2 ... 10 were randomly selected.

Assuming the combining scheme of [1, section 3, Figuwie 3.2], the output of
ea~h branch prior to welghting ond coubining i: given by
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where (¢m, Bm) are the azimuth and elevation angles of the mth arriving ray, and

(B , a ) are the magnitude and electrical phase at the center of coordinates of
m® m

that ray. ¢ni is the injected electrical angle to focus the array to azimuth and

b e

elevation angles (¢s, esi) as shown in [1] Figure 3.2, page 31, and is given by

¢ni = ~k[x“51n8Sicos¢s+ynsinesisin¢s+zncosoSi] (2)

The subscript i identifies the beam or branch number and I 15 the number of branches
used; here we will use I = 17 branches for reasons to be stated below. (1) and (2)
are written to include rays arriving from any azimuth and elevation (¢m, em) and
focused at any azimuth and elevation (¢S, esi). We now specialize these expressions
to the case of the array focused in the Y-Z planc and ray arrivals in the Y-Z plane.

Thus ¢m =¢ = 90° and (1) and (2) reduce to

s
M N . . .
Vi - 2 z Bme][k}n51n8m+zncob6m)+¢ni4am] (3)
m=1 n=1
and
= LT in® 4 cos
¢ni kl'nS]n‘si'“nco‘osi] (4)

The final siznal cutput using MRC is given by

1
AR, (5)

-1 i=

w
n
| et

i

The mean square value of the noice at the output of the system is given by

N I 1 ‘
2o ] <als )} ' ©
- <ol > ) A A cos(é —=b_ .+, -P.)

=1 n 151 3551 173 ni "nj i 'j

wvhere the (Ai‘ 01) are the weasuvred siypnal amplitude and phose on the ith branch
. 2. .
* given in (1), the ¢ni arc given by (43, and <n > is the cquivalent mean square
. . , 2
Y, value of the noise juput pencrated by the nth sensor. In tane computation <nn>
was set equal to 1. Finally the computed output SNR 15 given by
g
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52
SNR = 5 7)
N
As discussed in [2] the angles 6,ys» 1if set at values scparated by E%l,

n an integer, will result in uncorrelated noise voltages at the branch output pro-~
vided the elements are uniformly distributed in depth over the range (-h, h).

For the geometric conditions used here it was determined that 1,15° spacing between
the esi would accomplish this when h = 25X. We have accordingly assumed 17 beams
symmetrically placed around 6 = 90° at 1,15° Jintervals. Separation is about a
beamwidth in this case and the total coverage in vertical angle is close to +10°
with respect to the horizontal.

Results of the simulation using the maximal ratie combining technique are
shown in Table 1. Here we show the average and standard deviation of the SNR given
by (7) over the five sets of paired values (em, am) m=1, 2, ... 10, for each of
ten sets of position samples (yn, zn) n=1, 2, .., 31. These statistics are de-
noted <S.\’R>e¢ and c(SNR)0¢. Then the 50 results of SNR (five sets over (em, am)
times the ten sets over (yn, zn)) were treated as a sample of size 50 and the
overall mean and standard deviation denoted <SUR> and o respectively were determined
These were found to be <SXR> = 480 and ¢ = 182. We point out that if a single ray
werc assunmed to inpinge on a single element the output SNR would be unity and the
variance would be zero.

To deternine the e2ffect of a frequency change on the output we have assumed
two different sitrvaticns, In the first we assumed the angular separation between
beazs haid at 1.15°: that is, b ; vas held fixed at 90° * n(1.15°), n= 0, 1, 2,
...8. The frequency was then changed by factors 1/2 and 2. These latter changes
were accomplished by simply changing the values of Yu and 2 used in the previous
calculation by the reciprocal of these same factors. The vertical beamwidihs be-
come narrower at the higher frequency and wider at the lower frequency but the
angular spacing betwecen beams remains unchanged. Thus the beams are not optimally
spaced resulting in either uncorrelated noise in the several branches, or in non-
total coverage of the vertical range within which incoming rays are expected. Result
of these calculations are also shown in Table 1 revealing a decrease in the over-
all average SNR as one might expect. These results essentially show the sensitivit
of the scheme to incorrect placement of the vertical beams. As we see, the cffcects

are not overly serious, the mcan output at the 1/2 and 2 times frequency points

being within about 80%Z of the mean at the design frequency.
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o = 50\ o_ = 25\ c_ = 75

y y y
Position h = 25 h = 12,5\ h = 37.5
Sample <SNR>e¢ o(SNR)e¢ <SNR>6¢ o(SNR)0¢ <SNR>6¢ o(SNR)e¢
I

1 490 200 396 93 327 135

2 455 205 327 90 662 392

3 411 60 384 141 293 125

4 483 134 355 173 417 185

5 587 214 501 98 432 178

6 552 283 459 154 451 125

7 492 120 368 163 270 48

8 421 40 406 90 343 132

9 519 144 602 156 275 50

10 378 101 373 273 298 139
<SNR> | 480 417 377
) o 182 172 210
C mmm semamesorve sy
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In the second simulation of frequency effect the array focusing was held
fixed for a 100 Hz sinusoid by fixing the angles $nir The applied frequency was
then altered to 99, 99.5 and 100.5 Hz. As a rule of thumb the bandwidth of an
array with fixed phase shift focusing is the inverse of the time required for
the wave to traverse the array. In this case it would imply a bandwidth of the
order of 1 Hz, or about 1% of the ccuter frequency. The results of the simula-
tion are shown in Table 2. The overall mean SNR is observed to have fallen by
about 3 dB at frequencies 100 + 0.5 Hz from what it was at 100 Hz, thus confirming
the rule of thumb on bandwidth. The overall meon SNR at 29 Hz has fallen further,
the level appearing to be about what one gets when one steers the azimuthal focus
away from the source, 11luminating the sidelobes.*

We point out that the array properties observed here are all normalized to
wavelength so that at higher frequencics, with the actual array size reduced but
with array size in wavelengths held coastant, thc bandwidth would remain at about
1%. At 10 kHz we expect a 100 Hz bandwidth, a value adequate for opcrating a
teletvype communication link. Furthermore, at this center frequency the arrav hor-
izontzl dimension nmeasured between 2o points is 15 meters, a dimension one might
envizion for an array suspended from a surface «hiin or deployed around a subzerged
submarine. The arrey cculd therefore be useful for underwvater data cormmunication.

Furthermore, our wdirk was based on focusing by [ixed phasing of clements of :he

array. It is the [ixsd rhasing which limits the array bandwidth., By using con-
trollsd tize delay rezworzs at each element dinvolved, broader bandwidths are achiev-
the possibility of higher speed data communication, or lower center

zostine
SEICINgG

able sug
frequency with higher bandiwridth,
The nultibecan three~dimensional array was compared to four other arrangements
as follows:
1. The maxinal ratio co.biner weighting circuits which multiply each branch out-
put by V: = Aie—joi vhere Vi is gpiven by (1) ave replaced by constant amplitude

phase shifters c—J“i, thus (5) and (0) become

’: S = i A (8)

*
The sidelolic propertics arve discunsed [arther below.
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Position f = 99.0 Hz f = 99.5 Hz f »= 100.5 Hz
Sample <SNR>8¢ o (SNR)M <SNR>M o (SNR)N, <SNR>0¢ o (SNR)6¢

1 156 60 282 112 229 71

2 147 51 178 45 216 128

3 167 45 257 42 211 44

4 236 53 195 72 235 50

5 206 57 269 117 238 86

6 24¢ 65 239 189 270 103

7 19% 31 304 104 411 117

8 172 71 179 25 160 33

9 229 41 344 57 301 177

10 138 33 159 42 231 36
.O—V.o—;a]'; ] o o o
<SNR> 189 241 250
I N B
a2 swmnoormeaay
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<Mn> 2 Z cos(¢ni~¢nj+¢i—¢j) 9)
M=1 i=1 j=1 .

Here only phase tracking is needed but the mean SNR will not be as good as for
maximal ratio combining. The term "equal gain combining (EGC)" is used in diver-
sity communication for this arrangement.

2, The maximal ratlo combiner was replaced by a "selection combiner (SC)"; that
is, one which simply selects the output with the maximum SNR. This techaique is
also a sgtandard scheme in communication diversity systems. Whereas the maximal
ratio combiner gives an output SNR which is the sum of branch SHRs, this schene .
produces only the maximum of the branch SNRs. There is, however, no need for
phase tracking, greatly siuplifying the processing. 1t 1s possible that
in applications such as the underwater casc the problem is as much variation
of vertical arrival angle as it is multipath. In cffect then, the array would
follow the variation in angle of arrival of the maximum amplitude ray.

3. Qutput was telken from one branch of the multi-beam array, the one vhich fo-
cuces herizontally CCSi = 60%). The purjose of this calculation is to sce what
ffect is obtaired when the three-dimensional erray is operated in its simplest mode.
4. The three-dirensicnal array was reduced tc a planar horizontal array. Here

we ars roeturning to fhe

o]
~

iginal arrav structure -~ the two dimensional arrey.

Surmary results fzariag out expectotions ere shown in Table 3. The maximal
ratic cezbIining schoermz zives an overall nean SUR of at least 6 dB better than the
other arrancenents excopt for RGC case which is a close second. Interestingly,
the ratio of c(SxR)/<S¥n» is much =oaller in the diversity modes than in the two-
dimensional casc. This too is expected. The diversity modes are partly effective
in resolvins the rultipath and avoidive the nou-coliereat interference of the multi-
path ceyoaents,  In the twe-dincnsionol cose @11 roys enlering the relatively wide
vertical array veunwidth are combined non-cobievcont ly.  There i:, therefore, consid-
erable iuplitude —avintion donenading on the retotive phases of the accepted rays.
In the {ixc! beon three-divonaional ease there is nlso a high ratio ¢ (SuR) /<SNR>
presumably o re.n’t of the vorrew vertical beavwidith which wmav or may not sece ar-
riving acoustic cnerey.,

An dmportant property of the array will bhe its response to sources off the
azimuth of focns., Tf we were to fmagine swinging the focus awiay from a source which

OFR far. 33




-10=

MRC EGC sC 90° Sector 2-Dimensional
<SNR> ) 480 367 105 “_“32 117
o (SNR) 182 156 48 30 107

Q
L]

502 for all cases

=
1

25) for 3-dimensional arrays

TABLE 3 COMPARISON OF SIMULATION RESULTS

neatly fed M branches independently the power in each branch would on average drop by
a factor N, the number of elements. But the final output with MRC or EGC being the i
coherent sum of the M weighted branches, would only be reduced by a factor g-from i
the main beam power. A situation of this sort was simulated to check this surmise.
The result obtained using the MRC system was <SNR> = 182, the average being over the
same set of random variables as before. This figure is somewhat below (i/N) (main-
beam <SN¥R>) but it undicates that these techniques do exact a price in sidelote

response. In this calculation there was no signal on the nainbeam.

Further study of sidelobe effects, with and without a main beam signal present
and using the diffecent cothininz schemes, is vicwed as a useful next step. In
additicn, nethods base? on estimation theoretic principles (e:g., maximun likeli-
hood and maximum entropr estimation) should be considered for application here.
These methods inhevently maximize on-target sinnel response relative to off-terget
signals. Applied to the separate bioams as found herec, or even to the entire array,

superior sidelobe rejection characteristics can be eupected.

Fred Haber
Paul Yeh

OrR Mo, 33

A













